We have implemented in the undulator first-optics enclosure of the Massachusetts Institute of Technology-McGill University-IBM Corporation Collaborative Access Team Sector at the Advanced Photon Source an x-ray beamline and a spectrometer optimized for performing small-angle, wide-bandpass, coherent-x-ray-scattering experiments. We describe the novel features of this set-up. The performance of the beamline and the spectrometer has been characterized by measuring static x-ray speckle patterns from isotropically-disordered aerogels. Statistical analysis of the speckle patterns has been performed from which we extract the speckle widths and contrast versus wavevector transfer and sample thickness. The measured speckle widths and contrast are compared to direct numerical evaluations of the intensity correlation function. The calculated widths are in poor agreement with the measurements but the calculated contrast agrees well with the measured contrast.
INTRODUCTION
Recent experiments have demonstrated the potential of x-ray intensity-fluctuation spectroscopy (XIFS), which is also know as x-ray photon-correlation spectroscopy (XPCS), to become a powerful probe of sample dynamics at low-frequencies (< iO Hz) and small-length-scales (< 2000 A). For example, XIFS measurements have been made of the equilibrium dynamics of a binary alloy near its critical point,1 of the Brownian motion of gold,2 palladium,3 and antimony oxide4 colloids diffusing in glycerol, and of the equilibrium dynamics of block-copolymer micelles in a homopolymer matrix.5 All of these measurements were performed in a regime of wave-vector and frequency space which is inaccessible to various other light, neutron, or x-ray scattering techniques. 6 IFS with laser light has long been employed to investigate the dynamics of condensed matter on micron length scales in transparent media. Its principles are well known: a sample is illuminated by coherent laser light, resulting in a random speckle pattern which varies with time as a result of temporal fluctuations within the sample. The time autocorrelation function of the speckle pattern yields the characteristic times of the sample. Key to performing XIFS, therefore, is a sufficiently coherent x-ray beam illuminating the sample under study. The beam coherence can conveniently be thought of as having two components: (1) transverse or lateral coherence, and (2) longitudinal coherence. The transverse coherence length of the beam is given by iT = AR/(J2rrcr) , where A is the x-ray wavelength, R is the source-to-observer distance, and a is the one-sigma source size.7 For x-rays produced by our undulator at the Advanced Photon Source (APS), A 1.6 A, R 30 m, and a 60 um in the vertical direction and 300 tm in the horizontal direction yielding transverse coherence lengths at the sample of iT 32 1am in the vertical and 6 m in the horizontal.
The longitudinal coherence length of the beam is given by 1L = )/(E/E), where E is the energy of the x-ray beam ( 7.6 keV), and ZtE i5 the energy bandwidth which can range from 0.0002-0.05. In order to observe coherent-scattering effects, the optical path difference of the scattered x-rays must not be too much larger than the longitudinal coherence length of the beam. In fact, for a small-angle-scattering experiment (wave-vector transfers less than approximately 0.05 A1), the energy bandwidth for which coherence effects can be observed is relatively large-a few percent. Recent work in this field has exploited this fact.25'7'8
Small-angle coherent-scattering experiments are facilitated in two ways at a third-generation, undulator-based synchrotron-x-ray source. First, the flux of transversely-coherent x-rays is directly proportional to the source brilliance. An undulator at the APS therefore provides approximately a factor of iO more transversely-coherent x-rays through a unit aperture than has been available previously at second-generation synchrotron x-ray sources. Second, the energy bandwidth of an undulator harmonic approximately matches the allowed energy bandwidth of the x-ray beam as derived from optical path-length-difference considerations. Provided that the other undulator harmonics are "filtered" away, it is then possible to use the entire undulator harmonic for a small-angle coherent-scattering experiment with a concomitant increase in flux.
Motivated by these considerations, we have implemented an x-ray beamline and a spectrometer optimized for performing small-angle, wide-bandpass , coherent-x-ray-scattering experiments . Both the beamline and the spectrometer are situated in the undulator first-optics enclosure (FOE) of the IMMCAT* Sector at the APS. We have incorporated several novel features into the design of our set-up which we describe in detail in Sec. 2.1.
A crucial diagnostic for optimizing our set-up for XIFS measurements is a detailed characterization of its performance under static conditions. This is the main subject of the second half of this paper. In particular, we produce static speckle patterns using isotropically-disordered aerogels and analyze the scattered intensity using a statistical treatment which is described in detail in Ref. {8}. Section 2.2 describes our static structure factor measurements of aerogels and explains why aerogels are excellent canonical static speckle producers. Section 3 details the results of the statistical analysis of the static speckle patterns and Sec. 4 contains a summary and our conclusions.
EXPERIMENT 2.1. Beamline configuration
The coherent-scattering measurements described in this paper were carried out at the 1MM-CAT Insertion Device Beamline at the APS (8-ID). Table 1 lists distances between various key components in our set-up; Fig. 1 is a schematic plan view of our set-up. From right-to-left in Fig. 1 , the principal components are as follows.
We use an APS Undulator A9 as our radiation source. It is a 72-pole, 2.4-meter-long insertion device located in the downstream half of the Sector-8 5-meter straight section. The energy range of the undulator first harmonic spans 3-13 keV (K = 2.57-0.37); we typically run with the undulator gap set to 18.0 mm, which theoretically places the first harmonic at E = 7.65 keV. The predicted full-width-at-half-maximum (FWHM) bandwidth for the first undulator harmonic is (zE /E) = 0.026; the source sizes and x-ray beam divergences at 4% coupling are expected to be a = 300 jtm and cr' = 25 jrad in the horizontal and o-= 60 pm and ci,,' = 5 jirad in the vertical.
Radiation propagates from the straight section to our beamline via the APS front end (FE).12 The FE mates to our beamline via a windowless differential pump. Our differential pump is a modified version of the APS standard model; we added a 30-cm-long tapered aperture with a 3-mm-diameter exit hole between the two halves of the standard differential pump. The tapered aperture serves two purposes. First, it improves the performance of the differential pump by decreasing the gas conductance between its two halves. And second, for our usual undulator gap (18 mm), it reduces the power transmitted to our beamline by a factor of 2 as compared to the FE exit aperture typically supplied by the APS to beamlines. The next component is a tapered aperture with a 275-1am-diameter exit hole. This aperture significantly reduces the total power transmitted to the downstream portion of our beamline to less than 8 W for undulator gaps greater than 18 mm. Since the x-ray beams used in a coherent scattering experiment have transverse dimensions of only 3-20 jim, the small aperture does not compromise in any way the useful transversely-coherent flux. The aperture sits atop a motorized table which allows for precise positioning in the plane transverse (the x-y plane) to the x-ray beam. In practice, we have found that the APS x-ray beam position is stable between and within positron fills, so that once the aperture is placed "on-axis" it rarely needs re-positioning. Immediately upstream and downstream of this aperture, are small-through-bore lead and tungsten collimators. Moreover, the entire aperture itself is wrapped in lead shielding. In this way we greatly reduce the background radiation levels in the FOE.
Downstream of the tapered aperture are two beryllium windows. These isolate the remainder of our beamline from the storage-ring vacuum. Each beryllium window is a highly-polished (both sides), 200-pm-thick beryllium foil clamped to a vacuum flange. Polished beryllium foils have been suggested as important in preserving the beam spatial coherence.13 An 0-ring formed from a 0.5-mm-diameter lead wire14 provides vacuum isolation. The beryllium windows do not require cooling because of the small amount of power in the incident beam and because the power is at relatively high x-ray energies so that little is absorbed.
The next component is a horizontally-deflecting, 100-mm-long, silicon mirror. The mirror has less than 5 arad total slope error across its optical surface and < 5 A root-mean-square roughness. The glancing-incidence-angle of the mirror is set so that its critical energy is just greater than the energy of the first undulator harmonic; the first harmonic of the undulator is reflected and the higher-order harmonics are either absorbed in or transmitted through the mirror. Figure 2 shows the "raw," measured undulator spectrum (with the gap = 18 mm) after reflection from the mirror-the so-called "pink" beam. We note that the measured profile has the characteristic asymmetric shape of an odd-indiced undulator harmonic, namely, a long low-energy tail and a sharper drop-off on the highenergy side. The spectrum was measured with an Amptek'5 Model XR-100T photodiode x-ray detector. The
Amptek's measured FWHM energy resolution is 317 eV. After deconvolution of the detector resolution, we find the measured FWHM energy bandwidth of the first undulator harmonic is /.E/E = 0.059, its measured peak position is E = 7.52 keY. In addition, the measured count rate of incident photons, scaled to 100 mA of storage-ring current, is 1 x 1015 photons/second. These quantities should be compared to the theoretically-expected values of /.E/E = 0.026, E = 7.65 keY, and an incident count rate of 2 x 1015 photons/second at a storage-ring current of 100 mA. The first two discrepancies could result from one of our apertures not being properly aligned on the axis of the beam,1' while the last probably just reflects the uncertainty of our flux measurement.
The remaining items in our set-up constitute the small-angle coherent-scattering spectrometer. These components are located atop two movable tables which will be relocated to downstream experiment stations upon the latter's completion. The first component that is part of the spectrometer is a second small-through-bore lead collimator. In the current set-up it sits approximately 600-mm downstream of the mirror. This collimator is aligned so that the reflected pink beam passes through it while any high-energy radiation transmitted through the mirror is absorbed.
The next item in the small-angle coherent-scattering spectrometer is a pair of crossed slits used to select a transversely coherent portion of the x-ray beam. The slit assembly is a custom design which allows the slit blades to be placed within 7.5 cm of the sample. The small slit-to-sample separation allows us to work in the near-field limit (Fresnel diffraction) of the slits for all but the smallest slit apertures. Otherwise, we have found that the contrast in the speckle pattern (see Sec. 1 pm, respectively. For the coherent-scattering data presented in this paper the slit apertures were 5 1am in the horizontal x 11 pm in the vertical. The measured count rate incident upon the sample and scaled to 100 mA of storage-ring current was 1 x 1012 photons/second, which is a factor of two less than expected, but consistent with our measurements of the count rate through the 275-tm aperture. The mirror, collimator, and slits are all contained within a He-filled flight path. The beam defined by the slits exits the incident flight path through a small hole in a Kapton window at the end of this portion of the flight path. We use a hole to avoid complications which we have otherwise observed to result from the Kapton decomposing in the intense x-ray beam. The samples we studied were contained in a small vacuum chamber. The x-ray beam entered the chamber via a Kapton window. Unlike the Kapton window described above which is exposed to the entire 275-nm x-ray beam during alignment and beam characterization, this window only "sees" micron-sized x-ray beams. We have found that such a small beam produces very little damage in the window. The downstream end of the chamber was directly connected to the detector flight path. Immediately upstream of the sample, and inside the chamber, was a guard slit made of polished tantalum foil. It was used to reduce the parasitic scattering produced by the slits and the samplechamber's Kapton window. We used only a single slit and mounted it on the inboard (storage-ring) side of the beam with its edge vertical. Likewise, the CCD camera (see below), was mounted so that it only collected scattering in the inboard direction. By working only in the inboard half-plane, we have greatly simplified the alignment of the guard slit. This has proven especially valuable for dynamics measurements we have made with this same set-up where frequent sample and temperature changes necessitate frequent re-alignment of the guard slit.
A Princeton Instruments16 Model CCD-576E, thermo-electrically-cooled, deep-depletion CCD chip with 384 x 576
22-tim-square pixels directly detected the intensity scattered from the aerogel samples. Its quantum efficiency at the x-ray energy we used was about 35%. The camera was controlled by and the data stored on a Silicon Graphics workstation using a customized version of the "Yorick" interpreted programming language.'7 Data presented in this paper are the average of between 10 and 25 CCD exposures, each of duration 0.4 to 1.0 seconds. Readout time between each of the exposures was 0.24 seconds. Obtaining data as a time series has two advantages: (1) it allows the CCD performance to be characterized as described in Ref. [18] , and (2) it allows for tests of the stability of our experimental configuration. The CCD was protected from the direct x-ray beam by a beamstop made of copper. Both the beamstop and the guard slit are movable in situ, so by observing in real time the scattered intensity recorded by the CCD, we were able to optimize the positions of these items in order to minimize the parasitic contribution to the measured scattering.
Aerogel samples
The aerogel samples used in the present study were made via a sol-gel and hypercritical drying process,19 resulting in a highly porous material composed of 5i02 spheres arrayed in long strands interconnected at random sites. Depending on the growth conditions, gels with varying density could be produced. For the present measurements the density and thickness of the gels were varied so that each sample comprised approximately one x-ray absorption length.
X-ray-scattering measurements of the aerogel ensemble-averaged static structure factors were made at MIT-IBM Beamline X2OC at the National Synchrotron Light Source. Approximately 4 mrad of synchrotron radiation from a bending magnet were collected and focused by a platinum-coated, bent, cylindrical, float-glass mirror. Monochromatic x-rays of energy E = 7.1 keV were selected by a pair of tungsten-silicon multilayers. At the sample position, we obtained on the order 1 x iO' photons/second at 100 mA ring current in a bandwidth LE/E= 0.015 and a spot size approximately 1 x 1 mm2 . A pair of crossed slits upstream of the sample provided collimation of the incident beam. An additional crossed slit, immediately upstream of the sample, was used to remove parasitic scattering from the upstream slits and windows. The scattered intensity was collected using a "point" scintillation detector mounted on a vertically-scanning detector arm. Crossed slits on the upstream and downstream end of the detector arm determined our resolution and minimized the contribution of parasitic scattering to the measured signal.
The static x-ray scattering from aerogels has been extensively studied and is well understood.2022 On length scales of a few hundred angstroms, the strands cluster into a fractal network with fractal dimension close to 2. This structure leads to strong x-ray scattering over a wide range of wave-vector transfers and makes the gels useful in characterizing coherence. At length scales beyond the cluster size, different clusters pack together. Viewed at still larger length scales, their density appears uniform and the fractal dimension approaches 3. Q (A1) Figure 3 . Measured and calculated scattering from a 3.4-mm-thick, 0.0287 g/cm3 , silica aerogel. Open circles are data and the solid line is the best fit by the model described in the text. The upturn in the data at large Q results from the silica inter-molecular spacing ( 2 A), which is not included in the model.
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The first term represents the scattering from individual silica spheres of average radius R .The second term represents scattering from the fractal regions of cluster size D with fractal dimension d1 and fractal correlation length . F is the gamma function. The third term represents the packing of the clusters with packing fraction p. Here 0 is the scattering form factor for a sphere. Aerogels of varying density could all be reasonably well described by this model. Fits to the entire collection of aerogel scattering profiles were done with the same silica-sphere radius. From the fit results we find that as the density of the gels increased, the cluster size and the correlation length decreased with a corresponding increase in the packing fraction and the fractal dimension. For the data presented in Fig. 3 , the best-fit parameters are p = O.02,D= 736A, = 121 A, df =2.1, andR= 15 A.
STATIC SPECKLE PATTERN ANALYSIS
Three aerogel speckle patterns are shown in Fig. 4 . From left to right, Fig. 4 shows the small-angle scattering from 0.5-mm-thick, 1.0-mm-thick, and 3.4-mm-thick aerogel samples; For all the images presented in Fig. 4 , dark regions indicate more recorded scattering and light regions indicate less. Data presented for the 0.5-mm-thick aerogel sample are the average of 25 0.4-second CCD exposures, those presented for the 1.0-mm-thick aerogel sample are the average of 25 0.5-second CCD exposures, while those presented for the 3.4-mm-thick aerogel sample are the average of 10 1.0-second CCD exposures. For all three images the scattered signal was diminished by an lOOx attenuator tDue to the distribution in size of the silica spheres, this term is simply Porod scattering. It is independent of the detailed shape of the silica particles and the value of the average radius serves only to determine the total surface area. Fig. 3 is a best fit (solid line) to the measured scattering based on the model described in detail in Ref. [21] . This model represents the total scattering as the product of three terms: immediately upstream of the CCD in order to avoid saturation. All the data presented in Fig. 4 have been converted to wave-vector transfer (Q) using the relation Q = kf/Rd, where k = 2ir/A = 3.88 A jt he wave number, i' is a vector from a point on the CCD image plane to the beam-zero position on the CCD image plane, and Rd is the separation between the sample and the detector (see Table 1 ). The direct beam (stopped by a beam stop) is at II = Q = 0, Q is in the horizontal direction, and Q, is in the vertical direction.
There are several notable qualitative features apparent in Fig. 4 . First, for all three patterns the measured scattering is grainy-this is speckle! Second, we observe that with increasing wave-vector transfer and sample thickness, the longitudinal widths of the speckles appear to decrease. The decrease of speckle size with sample thickness is especially apparent when we compare the speckle-pattern close-up for the 0.5-mm-thick aerogel (top left panel of Fig. 4) with the speckle-pattern close-up for the 3.4-mm-thick aerogel (top right panel of Fig. 4) . Finally, the fact that there is speckle at all demonstrates that our set-up does result in a partially coherent x-ray beam incident upon the sample.
In order to quantify these observations, we turn to a statistical analysis of the static x-ray speckle patterns. We omit detailed explanations of the formalism of this method as it has recently been presented by Abernathy et al. in Ref. [8] . A similar analysis has also recently been presented in Ref. [7] . The analysis presented by Abernathy et al. incorporates results obtained from laser-light scattering for the effects of partially-coherent beams, energy bandpass, and source and detector sizes on measured speckle patterns. The speckle patterns are analyzed as follows. First the detector response is characterized by calculating the spatial autocorrelation of each CCD frame in a region where the measured intensity is very weak (isolated photon "hits" ), 18 order to determine the spatial resolution of the detector independent of complicating intensity variations due to the speckle pattern itself. From this analysis we find that the FWHM detector resolution is 1.1 pixels or 0.4 m1 in both the vertical and horizontal directions.
Key to the remainder of the analysis is the two-point intensity correlation function:
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where the i are points in the CCD image-plane, and the angle brackets indicate a spatial average over a suitable region of the time average of a series of CCD frames. The spatial autocorrelation function is maximized for i = longitudinal (Q) direction and solid circles are data in the transverse (Q) direction. Evidently, the speckles are considerably broader in the longitudinal direction than in the transverse direction. This can also be seen by inspection of the top left panel of Fig. 4 . Figure 6 shows the measured speckle FWHM's versus wave-vector transfer for the three aerogel speckle patterns presented in Fig. 4 . The longitudinal widths have been measured in the vicinity of the horizontal plane passing Fig. 4 ], and the transverse widths are orthogonal to this direction. The transverse speckle widths (solid symbols) for all three samples thicknesses are relatively small and appear to be independent of Q; the longitudinal speckle widths (open symbols) are relatively large (except for the thickest sample) and seem to vary weakly with Q. In particular, at larger Q, for all three samples, the longitudinal speckle widths decrease with increasing Q.
The variation of the longitudinal speckle width versus Q for a particular sample thickness can be intuitively understood by considering the 2 contributions to the effective slit size versus Q as seen at the detector. The first effect is the foreshortening of the slit aperture with increasing scattering angle which leads to a quadratic increase in the longitudinal speckle width with increasing Q. The second effect results from the apparent increase in sample thickness with increasing Q. The effective sample thickness is proportional to an effective slit width which leads to a 1/Q-dependence for the speckle width versus increasing Q. The first effect dominates at small Q and the second at larger Q. We also note that the first effect is independent of the sample thickness while the second is not and predicts that thicker samples yield narrower speckles. In this way we can understand the overall decrease in the longitudinal speckle widths with increasing sample thickness which is observed in Fig. 6 . Figure 7 shows the measured contrast for the 3 aerogel speckle patterns. For all three samples the measured contrast decreases continuously with increasing Q. In addition, we see that the contrast decreases for successively thicker samples.
In order to model the observed speckle widths and contrast, we turn to a theoretical treatment of partial coherence and x-ray scattering. Several authors have written papers on this subject recently.7'8'24'25 We choose to apply a theory8 which has been developed for analyzing exactly the measurements presented in this section. In this theory, the intensity correlation function [Eq. (1)] is written as convolutions of the complex coherence factor [p(k, k', , i')] over the wave-number spread, the detector resolution, and the source-size contributions: with the complex coherence factor for partially-coherent radiation given by (k, k', ') = f IB()I2 (3) In Eqs. (2) and (3), W(k) is the normalized wave-number distribution, R(i') is the normalized detector resolution, V) is the source-size contribution, B(5) is the incident radiation field and is assumed to be a constant over the slit aperture and zero otherwise, i? is a point in the CCD image plane, and 5 is a point in the sample volume. The source-size contribution is included as a convolution over the detector plane with the source size scaled by the ratio of the detector-sample to the sample-source distances. 8 Using box functions for the slit sizes, sample thicknesses, and detector resolution; Gaussians for the source profile; and the normalized, deconvolved, measured profile of the first harmonic of the undulator (see Fig. 2 ) for the wavenumber distribution, we have directly evaluated Eqs. (2) and (3) to obtain the speckle widths and contrast versus wave-vector transfer. The calculated results for the transverse speckle widths are plotted as a solid line in Fig. 6 . The transverse speckle width is predicted to be independent of the aerogel thickness and wave-vector transfer in good agreement with the data. However, with no adjustable parameters, the calculations are seen to somewhat underestimate the measured widths.
The calculated longitudinal speckle widths versus Q are shown as short-dashed, long-dashed, and dot-dashed lines in Fig. 6 for the 0.5-mm-thick, 1.0-mm-thick, and 3.4-mm-thick aerogel samples, respectively. As for the transverse widths described above, no adjustable parameters are used in the calculations. For all three samples, the calculations predict significantly greater widths than are observed. The discrepancy arises from the sourcesize terms in the integrand of Eq. (2) , which may indicate that either source-size effects have not been properly included in deriving Eqs. (2) and (3) or that in the horizontal direction, at least, the source is not well-described by a Gaussian. The calculations also seem to predict more Q-dependence to the longitudinal widths than we observe. We have found, however, that using a normalized wave-number distribution derived from the theoretical undulator spectrum as opposed to our measured undulator spectrum (E/E = 0.026 versus 0.059), produces a speckle-width 36 0.005 0.010 0.015 0.020
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Q-dependence that more closely resembles our data. Even when using the theoretical undulator spectrum, however, we still find that the predicted speckle widths are significantly larger than the measured speckle widths. We have also determined the expected contrast in the speckle pattern via evaluation of Eq. (2). The predicted contrast versus Q for the various aerogel samples agrees well with the observed contrast. This is shown by the solid (0.5-mm-thick aerogel), dashed (1.0-mm-thick aerogel), and dot-dashed (3.4-mm-thick aerogel) lines in Fig. 7 which are the numerically-evaluated values of the contrast using Eq. (2).
CONCLUSIONS
We have implemented a beamline and a spectrometer specialized to performing small-angle coherent-scattering experiments. The entire set-up is located in the undulator FOE of the Massachusetts Institute of Technology-McGill University-IBM Corporation Collaborative Access Team Sector at the APS. Using 2 small-exit-diameter apertures, we have been able to vacuum integrate our beamline with the APS storage ring, reduce the background radiationlevel in the FOE so that experiments are feasible there, and reduce the power in the x-ray beam to a manageable level. A small horizontally-deflecting mirror is used to isolate the first harmonic of the undulator from the "white" incident spectrum and produce a pink beam incident upon the small-angle coherent-scattering spectrometer. The spectrometer illuminates the sample under study with a transversely-coherent x-ray beam and records the scattered intensity via a CCD detector.
We have used this set-up to measure static speckle patterns from 3 aerogel samples of varying thicknesses. The static speckle patterns have been analyzed using a statistical approach from which we obtain the speckle widths and contrast versus wave-vector transfer. The results have been compared to direct numerical evaluations of the intensity correlation function. Predicted speckle widths are in poor agreement with the observed widths for all the samples studied. This discrepancy may arise because the effect of source smearing has not been properly included in the expression for the intensity correlation function or because a Gaussian is a poor approximation to the source profile. We do find, however, that the predicted speckle contrast agrees very well with the observed values. We conclude that our set-up is performing at close to its optimum level.
Finally, in conclusion we note that in Ref. [8] , Eqs. (2) and (3) are greatly simplified by making a series of Gaussian approximations to the slit sizes, the sample thickness, and the energy bandwidth of the incident radiation. Then, with some additional minor assumptions,8 the contrast and speckle widths versus wave-vector transfer can be written in closed form. These expressions are quite useful for predicting trends in the measured data. We have found, however, by substituting these approximations one-by-one into our evaluations of Eqs. (2) and (3) , that the Gaussian approximation to the undulator harmonic produces significantly greater predicted contrast than the real undulator spectrum. Presumably this is because a Gaussian does not adequately model the asymmetric shape of the undulator harmonic. The Gaussian approximation may, however, be suitable for modeling the energy spectrum produced by a multilayer.7
